Abstract: An improved growth process was proposed to produce the high-quality multi-crystalline silicon ingots for solar cells. A transient numerical model was used to investigate the effects of the growth process design parameters on the crystal-melt (c-m) interface, the melt convection and the thermal stress distribution during the growth process. The simulation results showed that compared with the original design, the almost flat c-m interface, the favorable melt convection and the much lower thermal stress were obtained with the improved design. Ingot casting experiments were performed for the two designs. The average yield rate of silicon ingots was 3.69% higher in absolute value with the improved design, and the interstitial oxygen content of silicon wafers was lower. The average conversion efficiency of p-type solar cells was 0.18% higher in absolute value with the improved design (18.59%) than that with the original design (18.41%).
Introduction


The photovoltaic industry is witnessing a strong development momentum, and the Multi-crystalline silicon (mc-Si) occupies the largest market share. Directional solidification (DS) has emerged as a key production technology for the growth of mc-Si ingots over past decade because of its cost-effectiveness. Many new DS techniques have been developed for the seed-assisted growth for the High-performance (HP) mc-Si ingots [1, 2] , and the seeds consist of homo-seeds [3, 4] or hetero-seeds [5, 6] in the HP mc-Si industrial production. The quality of silicon ingots is significantly affected by the thermal history of the growth process, such as the evolution of the crystal-melt (c-m) interface shape [7, 8] , melt convection pattern [9, 10] and thermal stress distribution [11, 12] . To achieve the higher performance of HP mc-Si solar cells and market share, it is very necessary to optimize the DS process, including the furnace configurations and the process operating parameters in the industrial furnace.
In this paper, an improved growth process design was proposed to produce the HP mc-Si silicon ingots in an industrial DS furnace. A transient numerical model was applied to compare the c-m interface shape, melt convection pattern and thermal stress distribution between the improved design and the original design. Ingot casting experiments were also performed for the two designs. The infrared image of silicon bricks, the yield rate of silicon ingots, the interstitial oxygen content of silicon wafers and the conversion efficiency of p-type solar cells were compared in this work. 
Materials
Model Description
The JJL500 DS system used in the experiments is shown in Fig. 1 . It consists of top and side graphite heaters, a quartz crucible, a graphite susceptor, a heat exchange block, a gas shield, insulations, thermocouples, and a movable insulation partition block. The functions of the system components and the operating conditions have been described in our previous study [13] . Specially processed quartz granules (hetero-seeds) were first paved across the entire bottom of crucible with a volume of 890 × 890 × 480 mm 3 , and then a Si 3 N 4 layer was coated on the inner wall of the crucible. About 520-kg Si feedstock was loaded into the prepared crucible to produce a silicon ingot with a height of 310 mm.
The CGSim transient global model was used for the simulations presented in this paper, and it has been verified in our previous studies [13, 14] . In the numerical model, the furnace was assumed to be a 2-D axisymmetric based on the real DS system, and the model took into account the thermal conduction, thermal radiation, melt convection and gas flow. The melt was regarded as a Newtonian fluid, and the inert argon gas was treated as an ideal gas and incompressible, and all of the radiative surfaces were assumed to be diffuse gray. Other descriptions of the model have been given in our previous publications, including the numerical mesh settings of each furnace part [13] , the physical parameter settings of each material [13] and the algebraic turbulence model for melt convection [15] . The temperature at the crystallization interface was set to 1,685 K, a steady global simulation was first performed, and then an unsteady global simulation was performed to simulate crystal growth. The dynamic front tracking method was adopted to track the position of the interface. The thermo-elastic stress model was applied to analyze the thermal stress distribution in the silicon crystal during the solidification process [15] [16] [17] . The crystal was assumed to be isotropic and the Von Mises stress was used to reflect the thermal stress.
Process Improvement Design
In our previous studies, the insulation partition block [14] and the variable power ratio between the top and side heaters [15] had significant effects on the thermal field in the furnace. Based on their advantages, we proposed an improved growth process to better control the thermal field throughout the solidification process. Fig. 2 shows the specific prescribed growth process parameters for both the power ratio and the position of the insulation partition block. In the original design, the power ratio was fixed at 1 : 1, and the partition block was fixed near the susceptor (index 10 in Fig. 1 ). In the improved design, the power ratio first decreased from 1.2 to 0.3 at 5th hour, and then the power ratio of 0.3 lasted for 7 hours, next, it increased up to 2.5 at 33th hour; meanwhile, the partition block was motionless from 0 to 12th hour and then moved up to 85 mm at 33th hour (the upward direction was defined as the positive direction). Apart from the power ratios and the position of partition block, all other conditions were kept identical during the growth process in the two cases.
Results and Discussion
Comparison of C-M Interface Shape
A flat or slightly convex c-m interface is beneficial for pushing impurities outwards and preventing nucleation at the side wall of the crucible. Fig. 3 shows the horizontal deflections of the c-m interface with the growth height for the two processes. The deflection is defined as the interface height difference between the central and the outermost edge regions. A positive deflection represents a convex interface shape (i.e., the interface is convex toward the melt), conversely, a concave interface shape. For the original design, the c-m interface transformed from convex to concave at the early stage of solidification, such a transformation was not beneficial for the growth of high-quality crystal [7] . The deflections were very large at the later stage of growth, and the higher thermal stress probably occurred in the edge regions due to the large radial temperature gradient. The c-m interface always was almost flat during the entire solidification process in the improved design. These observations can be explained as follows. In the improved design, the power ratio of slightly greater than 1 at the initial stage of solidification was beneficial to decrease the deflection of a convex interface [15] ; and then the power ratio was less than 1, the edge regions temperature gradually increased, which avoided the interface transforming from convex to concave and maintained an almost flat interface; next, the power ratio was greater than 1 and the partition block moved upwards, the edge regions temperature gradually decreased, and then the growth rate of edge regions appropriately increased, which kept the interface almost flat and then just slightly convex.
Comparison of Melt Convection
A low oxygen concentration is beneficial to suppress the light induced degradation of solar cells. Fig. 4 shows the temperature and the melt convection distributions of the melt for the two designs. The left and right side of these figures reveal the temperature distribution and the melt convection in the melt, respectively. For a solidification fraction of 30%, there were two main convection cells in the two designs; the fluid flows of the convection cell at the lower position of the melt moved downward along the crucible wall, and the fluid flows at the upper position moved upward along the crucible wall, as shown in Fig. 4a . Compared with the original design, the convection cell at the lower position was weaker-strength and smaller-dimension in improved design because of the smaller radial temperature gradient, and it was much stronger-strength and larger-dimension at the upper position because of the larger radial temperature gradient, which was beneficial to reduce oxygen impurities concentration in the central regions [9] . For a solidification fraction of 60%, there still were two main convection cells in the original design, although the number of convection cells in improved design became four due to the smaller axial temperature gradient in the central regions. In the improved design, the fluid flows at the interface front moved from the center to edge, as shown in Fig. 4b (indicated by the red dashed rectangle), and the convection cell at the bottom corner regions of the melt was much weaker-strength, apparently the oxygen impurities in the central regions can be pushed outwards. These results indicated that a favorable melt convection distribution for the crystal growth could be obtained with the improved design.
Comparison of Thermal Stress
Many studies have shown that high thermal stress likely occurred in the central and edge regions of the silicon crystal [12, 14, 15] , which indicated a W-type stress distribution in the crystal. A W-type stress distribution also occurred in the two designs. The evolution of the highest Von Mises stress with the growth time in both the central and the edge regions was shown in Fig. 5a . For the two designs, the highest-stress occurred in the central regions in the first half of growth time, and the highest-stress occurred in the edge regions at the latter half. The highest-stress in both the central and the edge regions was lower at the later stage of growth for the improved design compared with the original design, especially in the edge regions. Fig. 5b shows the transient temperature and thermal stress distribution in the crystal with the solidified time of 33 h, the left and right side of these figures reveal the temperature and thermal stress distribution in the crystal, respectively. Compared with the original design, the radial temperature gradient was much smaller in the improved design, and the axial temperature gradient was larger. There was a high stress area in the edge regions at the height of about 90-101 mm away from the crucible bottom for the original design, and at the height of about 200-05 mm for the improved design. However, the highest-stress in the edge regions with the improved design (7.4 MPa) was about 15.1 MPa lower than that with the original design (22.5 MPa). The simulation results revealed that the thermal stress of the crystal can be significantly reduced in the improved design due to the much smaller radial temperature gradient, while the axial temperature gradient was larger. This means that the decrease in the radial temperature gradient played a leading role in the decrease of the thermal stress. Lowering the thermal stress is beneficial to improve the quality of crystal.
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Experimental Results
The original and improved growth process designs were employed in casting experiments. Each ingot was cut into 25 bricks, as shown in Fig. 6a. Figs. 6b and 6c show the infrared images of the front view of brick B11 for the original and improved designs, respectively. The infrared images of the front view of brick C13 for the original and improved designs are shown in Figs. 6d and 6e , respectively. In the original design, the grains first grew inward along the side wall of the crucible and then grew outward, as shown in Fig. 6b (indicated by the black arrows) ; thus, the c-m interface was inferred to be first concave and then convex with crystal growth. In the improved design, the grains grew straight up, as shown in Fig. 6c (indicated by the black arrow), and the c-m interface was inferred to be almost flat during the entire growth process. These inferred results agreed with the simulation results shown in Fig. 3 .
Some shadow regions sometimes appeared in a silicon ingot, which definitely decreases the yield rate of silicon ingots [12, 18] . In the original design, the shadow regions almost always appeared in the silicon bricks B11 and C13, as shown in Figs. 6b and 6d (indicated by the black rectangles); while it almost disappeared in the improved process, as shown
(f) To compare the yield rate of silicon ingots for the two designs, five experimental results from the two designs were summarized, as shown in Fig. 6f . The average yield rate of silicon ingots was 3.69% higher in absolute value with the improved design (69.32%) than that with the original design (65.63%). This 3.69% increase in yield rate of silicon ingot was a great improvement of the number of silicon wafers, corresponding to an extra about 950 silicon wafers with a thickness of 0.18 mm in a silicon ingot. The improved growth process was beneficial to reduce the shadow regions and improve the yield rate of silicon ingots. After removing the red zone, the interstitial oxygen contents of silicon wafers at the same height of the brick C13 were compared for the two designs, as shown in Fig. 7 . The interstitial oxygen content in the improved design was lower than that in the original design, the results benefited from the almost flat c-m interface shape and the favorable melt convection distribution.
The 7200 silicon wafers with a width of 156 mm chosen from regions A, B and C at the ratio of 4 : 12: 9 for each ingot (the same ratio of all the bricks in the whole ingot) were used respectively to fabricate p-type solar cells using the same standard manufacture technique. Fig. 8 shows the conversion efficiency of solar cells for the two designs. The conversion efficiency mainly concentrated in the range of 18.3-18.5 for the original design, and it mainly concentrated in the range of 18.5-18.7 for the improved design. The average conversion efficiency of HP mc-Si solar cells was 0.18% higher in absolute value with the improved design (18.59%) than that with the original design (18.41%). The 0.18% increase in conversion efficiency of solar cells was an effective improvement of conversion efficiency in mass production, corresponding to an extra 3 W of output power in a standard module with 72 solar cells. 
Conclusions
An improved growth process design was proposed to produce high-quality mc-Si ingots. The simulation results showed that the almost flat c-m interface, the favorable melt convection and the much lower thermal stress were obtained with the improved design. Experimental results showed that the improved process design was the optimal growth process, because a vertical columnar structure and a lower interstitial were achieved with the improved design. In the improved process, the average yield of silicon ingots was 3.69% higher in absolute value, and the average conversion efficiency of solar cells was 0.18% higher in absolute value with the improved design than that with the original design. These increases were great improvements in a silicon ingot. In addition, this study was an important reference for growing high-quality mc-Si ingots in an upgraded generation-six (G6) DS furnace from a G5 one.
